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Abstract 
NOX is one of the main compositions in the modern engine emissions and the reduction requirements of NOX have 
turned to be more stringent. To control NOX emissions better, the technologies of NOX sensors are forced to achieve 
much faster response and higher accuracy. In this paper, the correlation between ion current signals and NOX 
emissions has been investigated by both experiments and simulations based on a direct-injection controlled auto-
ignition (CAI) engine, which could provide a novel method to detect NOX emissions within combustion cycle. The 
simulation results presented this positive correlation from the chemical kinetics point of view, which could also 
directly reflect the formation order of the chemical products and the influence of temperature on the rates of main 
ionization and NOX generated reactions. Furthermore, the distributions of both ions and NO products have been 
shown with the CFD results, to illustrate their in-cylinder space correlation. Combined with the simulation results, the 
experimental results not only validated the positive correlation with two different fuels, but also provided the 
evidences fitting linear function. Based on the results, the cycle-based NOX emissions were estimated. 
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1. Introduction 
The feasibilities of using ion current (IC) signal detecting in-cylinder combustion have been already 
proved. Professor R.W. Dibble at U.C. Berkley had studied the correlation between IC signal and 
combustion in 2005[1]. The results had proved the close relationship between IC signal and combustion. 
After that, other researchers have reached successes in CAI combustion feedback control and 
knock/misfire detection based on the IC signal [2]. Due to this close relationship between NOX emissions 
and combustions intensity, Henein Naeim had started to study the correlation between thermo IC signal 
and NOX emissions in diesel engine since 2008 [3] and Kenichiro Ogata also began to investigate this 
correlation in HCCI engine in recent 2 years [4]. These researches have provided the possibility of a novel 
fast NOX detection method for after treatment system feed forward control, but both of them only focused 
on the steady working condition based on the experiments, there is still lack of researches on cycle-by-
cycle investigations combined with the chemical mechanism. 
In this paper, the correlation between chemical IC signal and NOX emissions under controlled auto-
ignition (CAI) combustion mode was studied. With the assistance of chemical kinetics and CFD 
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simulations, this correlation could be explained based on chemical mechanism and directly reflected by 
the in-cylinder composition distribution. 
2. CAI Engine Test Bench & Simulation Model 
The engine was modified to a compression ratio of 11.5 and 800cc displacement. The detailed 
specifications of the test engine could be found in reference 5. The in-cylinder pressure was detected by 
Kistler 6125B type pressure sensor. NOX emissions were measured with CLD500 fast response NOX 
analyzer. The IC signals were measured assisted by spark plug based on the DC ion current detection 
system [5]. All the signals were sampled with NI PCI-6250 data acquisition.  
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Figure 1 Simulation results validation 
Table 1 H3O+ & NO generation mechanism 
 Reaction A  (cm3/mol-s) b 
E  
(kJ/mol) 
1 CH O CHO e     2.50×1011 0 7.118 
2 2 3CHO H O H O CO
     1.51×1015 0 0.0 
3 3 2H O e H O H
     2.29×1018 -0.5 0.0 
4 3H O e OH H H
      7.95×1021 -1.37 0.0 
5 CHO e CO H     7.40×1018 -0.68 0.0 
6 2 2( ) ( )N O M N O M     7.23×1017 -0.73 263 
7 2N O O NO NO    6.60×1013 0.0 111 
 
The 0-D chemical kinetics based simulation model was set according to the test engine parameters and 
the CFD model settings were described in reference 9. The fuel in simulation was selected as ethanol. 
Both of the models were validated with the pressure and the ion current in cylinder as shown in figure 1. 
The ion current could be calculated from the ion concentrations with equation (1) [6]. 
As the 0-D model was ideally homogeneous and could only reflect the global ion concentration, the IC 
signal of 0-D results was weaker than the other two cases. Furthermore, the assumed ideal states caused 
the simulated results to have a much shorter IC duration. But the simulation results matches well with 
experimental data, and the models were validated.  
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e – unity charge E – electrical field Strength 
ne – number density of ions O  – migration rate 
r – electrodes radius mion – unit mass of ion 
vion – ion thermo motion velocity  
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Figure 2 Correlation of H3O+, NO+, IC and NO 
3. Simulation Results Analysis 
The chemical ionization and NO generated reactions are shown in table 1 [7, 8]. According to Arrhenius 
Equation, it is clear that the rates of reaction 1 and 7 have a positive correlation with combustion 
temperature. The increased CHO+ concentration would cause more H3O+ which has been proved as the 
main composition for chemical IC formation. Thus higher combustion temperature could increase both 
H3O+ and NO concentration. 
Figure 2 shows the correlation among H3O+, NO+, calculated IC and NO with ethanol fuel. Obviously, 
H3O+ and IC have positive relationship with NO concentration, which proved the conclusion above. 
Furthermore, NO+ was only around 1/109 of H3O+ and had little influence on IC calculation. It meant 
there was nearly no thermo ionization during lean CAI combustion. 
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Figure 3 Distributions of NO & H3O+ with Temperature 
 
a. Path of H3O+ generation 
 
b. Path of NO generation 
Figure 5 Reaction path of H3O+ & NO 
The reaction mechanism was coupled with CFD software to simulate the CAI combustion progress. 
Figure 3 shows the distributions of H3O+ and NO at CA50 and CA90. The appearance area of NO and 
H3O+ was similar, and distributed in the highest temperature area mostly. As the flame propagated, more 
NO was produced and distributed along the flame path, but H3O+ concentration stayed nearly the same 
after CA50, which reflected the different sensitivities of H3O+ and NO to the combustion temperature. 
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Figure 4 Combustion production concentrations 
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Figure 6 Cycle-by-cycle correlation of IC signal & NOX 
(RPM=1500r/min, IMEP=0.33Mpa, CoV=7%) 
Figure 4 shows the generation order of each product during combustion process. As mentioned in table 1, 
CHO+ reached its peak concentration soon after CA50 but then reformed into H3O+ (only 1oCA later) 
rapidly. Local H3O+ concentration was nearly 5 times higher than the global value, but its appearance 
duration was much shorter. This result could also be explained with figure 3. Around CA50, H3O+ 
concentration surrounding the spark plug was much higher but also reduced rapidly, but there was little 
H3O+ in this area at CA90. However, the calculated IC based on local concentration was much higher and 
closer to the experimental results. The concentration of H3O+ and N2O reached peak value about 2oCA 
earlier than NO. H3O+ quantity started to decrease when NO concentration reached maximum. This phase 
difference could also provide more response time for feed forward control of the after treatment system. 
Besides H3O+, although NO+ concentration was quite low in CAI combustion, it was still produced along 
with the NO generated process, which was the reason for the positive correlation between NOX emissions 
and thermo IC signal. 
To study the ionization details, we have also looked into the reaction paths and rates of H3O+ and NO 
during the combustion as shown in figure 5. The peak phase of heat release rate (HRR) was defined as 
point “P” and the peak phase of N2O concentration in figure 4 was defined as point “E”. According to the 
results, all the CHO+ converted into H3O+ at “P”. At this moment, the consumption rate of H3O+ was only 
around 5% of the generation rate and the generation rate of H3O+ nearly reached its peak value. The 
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generation rate of N2O was 3-4 times higher than NO and the NO generation rate was only 10% of its 
maximum rate. But as the combustion continued until point “E”, the NO generation rate reached the peak 
and H3O+ started to consume. Therefore, unlike the thermo IC signal, the chemical IC and NO had 
indirect relationship, but they still correlated with each other positively.   
4. Experimental Results & Discussion 
The experimental results were analyzed based on continuous combustion cycles as shown in figure 6. 
Although the cycle-by-cycle IC signal fluctuated significantly, they still related with the measured NOX 
emissions positively for both ethanol and gasoline. The fluctuation of IC signal was caused by the varied 
local ion concentration which was affected by the in-cylinder flow under lean combustion condition [9]. In 
this case, the IC signal was missed in some cycles as marked in figure 6. When the IC signal intensity was 
higher, its correlation with NOX was more stable (maximum IC signal voltage Imax > 1.5μA). 
Based on the results shown in figure 6, we fitted the spots linearly with the residual about 0.38 and fitted 
3-order polynomial with residual about 0.27. The high fitting residual was caused by the fluctuation of 
relative weaker IC signals. To achieve lower residuals, we extracted the cycles with stronger IC signals 
(Imax > 3μA) and fitted again, the residuals was reduced to 0.24 with linear fitting and 0.13 with 
polynomial fitting. Thus, it could be concluded that the stronger IC signal has better correlation with NOX 
emissions.  
5. Conclusions 
1. The in-cylinder distribution of H3O+ and NO is similar, despite the fact that they are correlated 
indirectly. The chemical IC signal still has a positive relationship with NOX emissions, which could be 
used for the NOX sensing in CAI or LTC mode. 
2. A phase difference exists because both the local and global ion is formatted before NO. The 
calculated IC with local ion concentration was much higher than the global value and closer to the 
measured signal. 
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